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CHAPTER 4 

v. 

ABSORPTION OF 
SOLAR UV - 

SCHUMANN-RUNGE NET OXYGEN FLUX 

AIRGLOW (MAINLY 
OH-MEINEL) 

C02 EMISSION :iR) 

-10 

GRAVITY WAVE 
DISSIPATION 

NUMBERS IN ERG CM'2 SEC" 

Figure 4-6. Schematic heat budget constituents between 
80 and 105km.   (From Reference 4-6.) 
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CHAPTER 11 

lere,   KAI (sec     ) and  K.,, (sec"1) are the collisional excitation and 
eexcitation ra'.es,   respectively,    [X(i)j   is the number density (cm"^) 

of species  X   in vibrational state   i ,   and   AIQ (sec-*) is the Einstein 
coefficient for the transition (cf.   Table 11-1).    If Z-   is the number 
of collisions required to bring about one transition from state   i to 
state  j ,   and   N   is the number of collisions per second experienced 
by a molecule at a given altitude,   then K--      N/Z — .   For the example 
give «.    K,'0  - N/Z » AiA  is   the   condition to be  met  if radia- 
tive )oss is not to disrupt LTE.     In that case   [X(ljj/[X(0)]   is given 
by the* Boltzmann factor,    exp[-8/TJ ,   where   T  is the kinetic tem- 
perature and  6  is the characteristic temperature  hl/Q/k of the mode. 
When   T << 9 ,   the reciprocal of  KIQ  is a good approximation to the 
relaxation time for the system; it applies about as well for a system 
of many harmonic oscillators (Reference 11-17). 

Failure of  KJQ to dominate   AIQ   implies   [X( 1) j/ [X(0)] < exp[-0/T] , 
Tvib K ^kinetic •   am* therefore a condition where the volume emis- 
sion rate in an optically thin atmosphere is subject to one variety of 
collision-limiting.    For most species this condition has its on&ci 
somewhere above 70 km,   ti.e actual altitude depending en where in 
the atmosphere  \7ZjA — AJQ .    Values of  ZJQ  for   CCK   and  H^O 
are listed in Table 11-2. 

The emission features ol the spectra shown in Figures 11-1 and 
11-2 are attributable to thermal radiation from chemically stable 
species in the atmosphere.    For important minor species like  O? 
at 9.6 ßm and   CO^  at I 5 jim,   the atmosphere is optically thick to 
the radiation.    The surface brightness of the atmosphere at these 
wavelengths approaches that of a blackbody at the local kinetic tem- 
perature.    To calculate the brightness of thermally excited transi- 
tions for which the atmosphere is not optically thick,   given a specific 
slant path,   requires a knowledge of the number-density profile of the 
emitting species alon^ the line of sight,   -is well as the atmospheric 
lemperature in each volume element along the optical path.     Then 
within each such volume element,   again using the   1, 0  transition of 
species   X  as an example: 

Lx]A10cxp[-e/T] _3 
I     j   =   —     photons cm      sec , (11-3) 

where  Ivoj   is the volume emission rate,   Qy  is the vibrational par- 
tition function for species  X ,   and   [X.   is the concentration of species 
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WAVELENGTH^) 

Figure 11-8.   Calculated emissivities of oxygen plasma at 500 K 
(Reference 11-53). 
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Figure 11 -9.   Calculated emissivities of oxygen plasma at 2000 K 
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(Reference 11-53). 
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CHAPTER 12 

w 
emission lines in Table 12-3.    Values at wavelengths less than 304 A 
are presented in Table 12-4.    From 1250 A to the ionization threshold 
(1027. 8 A) the spectrum is complex with several regions of low ab- 
sorption (References 12-4,   12-9,   12-17,   12-25,   12-26),   such as the 
important   II Ly ft window (Table 12-5).    In the ionization region, 
Table 12-3 includes both total absorption and ionization cross-sec- 
tions,   and is based on several measurements (References 12-18, 
12-27 through  12-30),   which ire in general agreement with earlier 
work (Reference 12-4).     The cross-section curves are available 
in the references. 

lable 12-3.    Absorption and ionization cross-sections of O2 , N2 , and O at 
solar lines.   Cross-sections in Megabarns (I0~)8cm2)( Values 
based on data in References 12-4,  12-18, 12-27, 12-28, 12-29, 
12-31, 12-36,  12-37, 12-43, and 12-47.   Table prepared in 
collaboration with R.I. Schoen and based on Reference 12-5. 

Solar Line 
A (A) 

Class. 
O 2 N 2 0 

0* = (J\ O fri a 0*i 

1215.7 H LyO 0.010 0 <6xlC"5 0 0 

1206.5 Si m 15 0 -0 0 0 

1175.5° cm 1.3 0 - 0 0 

1085.7°* ND 2b 0 - 0 0 

1037.6° OB 0.78 0 <7xl0'4 0 0 

1031.9 0 21 1.04 0 <7xl0"4 0 0 

1025.7 HLy/3 1.58 .98 <10"3 0 e 

991.6° NUJ 1.75 1.21 ).9b'c 0 0 

989.8° Nm 1.4 0.95b'c l.lc 0 e 

977.J cm 4.0 2.5 0.7C 0 0 

!  972-5   1 HLyy 32 25b 360°'c 0 0 

949.7 H Ly 6.3 4° 5.2b 0 0       1 

937.8 HLy 5.0 3 10b 0 e 

930.7 HLy 26 17* 4.8b 0 e 

904.0     1 cn 11 6.3b 6.3 0 3.0 

REVISION NO  4. MARCH 1975 
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Table 12-3 (Cont'd.) 

Solar Line 
X(A) 

Class. 
O 

2 
N 

2 O 

a *i a °\ 
835.3 om 10 3.7 20b 0 2.6f 

835.1 om 10 3.7 41b 0 2.6 

834.5 on 11 4.0 7.5b 0 2.6f 

833.7 om 13 5.1 
,b 
0 0 2.6       1 

833.3 on 13 5 2.3 0 2.6 

832.9 om 26 10 7b 0 2.6f 

832.8 on 26 10 2.1 0 2.6 

790.2 OEZ 28 10b 22c 10b'C 2.9 

790.1 OE 28 iob 28c nb,c 
2.9 

787.7 OI2 24 13b ioc 8C 2.9f 

780.3 NeEm 28 llb 19 - 2.9 

770.4 NeEm 18 11 1     15 - 7* 

765.1 NEZ 23 12b 67C 51b'C 3.0 

760.4 03? 20 10 40 22 2.9f 

703.8 om 26 23 22 20 6.5 

702.3 om 24 21 24 22 6.5 

686.3 N m 22 22 25C 24c 6.5e 

685.8 Nm 18 18 26C 25C 6.5 

685.5 Nm 18 18 25c 24c 6.5e 

685.0 Nm 26 26 25° 24c 6.5 

629.7 OS 30 29 23C 23c 9.0 

625.0 MgX 25 24 24 23 9.0 

610.0 MgX 27 25 24 24 9.0 

599.6 om 28 27 23 22 9.0 

584.3 Hei 23 23 23 23 9.5 

555.3 OH 26 25 25 24 9.5 

wJ 

12-12 
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Table 12-3. (Cont'd.) 

Solar Line 
A (A) 

Class. °2 N2 O 
a *i a *i 

554.5 OE2 26 26 25 23 9.5 

I   554.1 onr 26 25 25 24 9.5 

553.3 onr 26 24 25 24 9.5 

537.0 Hel 21 21 25 24 9.3 

525.8 om 25 24 26 26 9.3 

522.2 He I 21 21 24 23 9.3 

508.2 om 24 23 22 22 9.3 

507.7d 

507.4 
om 23 22 24 24 9.3 

435.0 om 21 21 24 24 9 

430.2d 

430.0 
!   429.9 

on 18 18 21 21 9 

303.8 Hel 17 17 12 12 8.5 

Nores: 

Blend of several lines observed in solar spectrum. 

The absorbing gas has discrete structure at this wavelength and thus the 
cross-section presently measureable given in the table may not be appli- 
cable.   See text and references. 

Considerable variation among measurements. 

These lines not resolved in laboratory cross-section measurement. 
e                                                                                           3- 

Possible overlap with atomic oxygen ground-state ( P) absorption 1 ine. 

Possible overlap with atomic oxygen metastable-state ( D) absorpt 
line. 

on 

12-13 
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Table 12-4.    Absorption cross-sections0 at wavelengths less than 304 A, 
Data primarily from References 12-47   12-89, 12-90. 
Cross-sections in Megabarns (J0~'°cm ). 

Wavelengthb 

(A) °2 N2 
O 

247.2 12.3 9.8 6                    1 

209.3 9.0 6.5 4 

100 1.9 .84 0.8 

j        68.0 .9 .50 .2 

44.6 .31 .18 .1 

13.4 .29 .089 .14C 

9.9 .14 .042 071C 

Notes: 

1       These cross-sections are assumed to be equal to tfye ionization cross- 
section at least to 100A, although there are no yield measurements. 

There are a number of solar lines in this region, but there have been 
few measurements, and also the cross-section curve appears to be 
relatively smooth.   The wavelengths used should allow a reasonable 
estimate to be mode. 

This value is one-half the 0~ cross-section. 

The dissociative ionization process giving   0+   and  O  begins at 
662 A,   and the yield appears to be less than 10 percent of the total 
ionization yield in the region down to about 450 A,   with a conven- 
tional magnetic mass   spectrometer (Reference 12-31).    However, 
excess kinetic energy has been found in the product ions,  and a 
more recent estimate is 1 5 percent dissociative ionization at the 
584 A line (Reference 12-32).    The cross-sections for excitation to 
various specific molecular ions over a range of wavelengths (Refer- 
ence 12-33) are given in Figures 12-5 and 12-6. These were obtained 
by energy analysis of the emitted electrons. 

Appreciable quantities of the metastable oxygen Ogfa   A») molecule 
appear to be present in the upper atmosphere   (References 12-34, 
12-35).    It is conceivable that absorption by this molecule may be 
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2p^ ^P    .    These lines have been classified aid measured in absorp- 
tion (Reference 12- J6),   which enables the previously unknown auto- 
ionized lines to be observed.     The lower members of these series 
are shown in Figures 12-8 and 12-9r  with the unautoionized levels 
indicated by an asterisk.    Accidental line absorption (References 
12-48,   12-00) has led to cross-section measurements that are 
larger than nearby points,  as shown by the dashed lines beneath 
some points in Figures 12-8 and 12-9. 

There has been a theoretical calculation of some autoionized 
line profiles (Reference 12-51).     The published calculations used 
a bandwidth corresponding to 1  A.    Since the measurements used 
atomic lines,  this bandwidth is considerably too large to use in a 
meaningful comparison with experimental values.    Further 
calculations using a 0. 1  A bandwidth (Reference 12-52) are shown 
in Figures 12-8 and 12-9.    These profiles and maxima are in much 
better agreement with the available cross-sections and with estimates 
of absorption line maxima (Reference 12-53).    Some maxima are not 
shown because the calculated points were too widely spaced in 
wavelength. 

Both the  2p      D?  and  2p^ *S     metastable states of atomic oxygen 
are known to be present in the atmosphere.     Measurements of 
absorption series of these metastables have been reported (Reference 
12-37).    There also exist calculations of their ionization cross- 
sections (Reference 12-46) and a review of 0(   D)   formation and 
reactions (Reference 12-54). 

It is possible that atmospheric spectrophotometric measurements 
may be influenced by the accidental overlap of a solar emission 
line and an atomic oxygen line (Reference 12-53),    An abridged 
version of the possible solar lines involved is given in Table 12-5. 

For a number of atmospheric problems,   the cross-sections for 
ionization between specific electronic states of the atom arid the ion 
are required.     These are given for all 2p"* -• 2p-* transitions in 
Figure 12-11 (Reference 12-55),   which is based on an interpolation 
formula developed following close-coupling calculations (Reference 
12-56).    This formula does not include the autoionization structure 
apparent in Figures 12-8 and 12-9,   which is based on experiment 
and on more detailed calculations.    Therefore,   Figures 12-8 
through 12-10 are more useful for total attenuation calculations 
and figure 12-11 is necessary to calculate the products. 
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Table 12-5. Atomic oxygen lines which may absorb solar lines. Atomic 
oxygen resonance lines (1302, 1305, 1306A) not included. 
References 12-36, 12-37, 12-53 give details. 

Solar Line 
(A) 

OI Line 
(A) 

Classification Remarks 

1025.7 1025.7 3P2 - 3d3D° a 

989.8 990.13 V*'V 
937.8 937.84 3P2-7s'V 

930.7 930.89 3
Pl-7d3D° 

835.3 835.44 'D2 - 10d' 'F0. V 

834.5 834.34 •02 - .2s' V 

832.9 833.10 '02 - 12d' V0, 'D° 

787.7 788.18 'DJ-SS-V0 b 

770.4 770.35 \-«'\* 

761.1 761.26 \-6d" V», V b 

686.3 686.28 3P]-5d"¥, 3D° b,c 

685.5 685.54 3P2-5d"3Po3D° b,c 

Notes: 

Solar line knov vn to be broad. 

Atomic oxygen line broadened b y autoionization. 

These lines kn< )wn to overlap.   S ee References 12-25 and 12-27 • 
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Table 14-1. Effective I ine excitation cross-sections of the Meinel bandsof N2. 

N2/N2 
Wavelength^ 

(A) 
v', v" E(eV) a(10"19cm2) 

6106 4,0 100. 
I 2.4°            1 
1> 

6268 5,1 100. 2.7° 

7240 5,2 100. 1» 
9145 1,0 100. 110.° 

9431 2J 100. 58.a 

11036 0,0 100. 80.a 

Notes: 

1                                                                                    2             2^+ The electronic transition for this system is A Ü   - X^ 
a                                                            '                    u             g 

The data were taken from Stanton (3710). 
• 

The data were taken from Simpson (3981). 

.: 
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Table 14-3.   Effective dissociative ionization cross-sections of N2 . 

N+/N2 

Wavelength 

(A) 
Transition E(eV) -IP      7 

a(10      crn ) 

623.9 3s' 5P - 2p' 5S 100. 0.23 

645.6 2p' 3S ^ 2p3P 100. 0.25 

671.4 2s3P - 2P
3P 100. 4.5 

746.4 3s'P - 2p]0 100. 3.2 

746.4 2p« V - 2p]S 100. 3.2 

775.1 2p' ]D -2?
]D 100. 2.3 

918 2p' 3P - 2p3P 100. 11.9 

1084.4 2p' 3D - 2p3P 100. 20.4 

5667 3p3D2 - 3s3P] 500. 0.0886 

5680 3p3D3 - 3s3P2 500. 0.231 

Note: 

Cross-sections at 100 eV were mea 
cross-sections at 500 eV were mea 

sured by Sroka (3833) 
ured by Srivastava (3 

; 
943). 
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CHAPTER 16 

16.     CHARGED-PARTICLt  RECOMBINATION  PROCESSES 

Manfred A. Biondi, University of Pittsburgh 
(Latest Revision 18 November 1974) 

16.1   INTRODUCTION 

Recombination between electrons ami positive ions or betweenposi- 
tive and negative ions may proceed as a direct two-body interaction 
or may require the assistance of a third body, such as a neutral mole- 
cule or perhaps another electron.     (Processes in which a positive or 
negative ion acts as the third body have not been studied; however, un- 
der circumstances of interest one expects such processes to be of 
lesser importance.)    As we shall see,   much of our quantitative infor- 
mation concerning recombination rates has been obtained from experi- 
ment; however,   in a number of cases theoretical estimates are all 
we have for the rate of a particular recombination prut ess.     Probably 
the most extensive  experimental work has been devoted to studies of 
two-body recombination processes,   especially dissociative elect* on- 
ion recombination,   with substantial work on collisional-radiative 
electron-ion recombination.     (At moderate to high plasma densities, 
electrons  act  as   third   bodies   in  the   latter   reaction.)    Three- 
body,    neutral-stabilized   electron-ion   recombination  has   been 
studied experimentally and little more than estimates of the rate of 
such recombination have been made theoretically.    In the case of lon- 
lon recombination there are some experimental data concerning both 
two-body (mutual  neutralization) and neutral-stabilized,  three-body 
recombination.     However,   only a few cases <>i interest have been 
studied; thus appeal v. ill aisu be made to theoretical calculations for 
estimated rates.    A discussion of electron- ion and ion- ion recombina- 
tion processes of importance in the upper atmosphere has been 
given in a review (Reference 16-1). 

The principal recombination reactions we shall deal with may be 
placed in the following simplified classifications: 

A.  Electron-Ion 

1.   Two-Body 

a.   Dissociative XY    +  e- X + Y (16-1) 

16-1 
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1.   Two-Body (Cont'd. ) 

b.   Radiative' X    + e - X '  + hi/ (16-2) 

2.   Three-Body 
t + 

a.   Electron-Stabilized X    + e + <? - X"' +  e (16-J) 

b.   Neutral-Stabilized X    + e +  M - X' +  M (16-4) 

B.  Ion-Ion 

1.   Two-Body 
4 

a.   Mutual Neutralization     X    + Y    - X + Y (16-3) 

2.   Three-Body 

a.   Thomson (neutral- 
stabilized)      X+ + Y~ + M - X + Y +  M    (16-6) 

In following sections the rates of specific reactions of interest 
are presented and pertinent factors relating to the reliability of 
the measurements and/or theoretical calculations are discussed. 

16.2  METHODS OF MEASUREMENT 
AND ANALYSIS 

With the possible exception of merged-beam and certain shock-tube 
measurements,   determinations of recombination coefficients start 
with the appropriate continuity equation for the electrons or ions un- 
der study.       Using electrons as an example,   we have,   at a given 
point in space: 

an /ot  =   EPj - EL. - " •   Fe , 
i i     J 

(16-7) 

where   P    i epresents the rates of various processes leading to elec- 
tron production (e. £. ,   photoionization),   L.   represents the rates of 

*   These two reactions taken together comprise the "Collisional-Radia 
tive" recombination process, i.e..   A. 1. b and A. 2. a. 

tt In the case of varying electron or ion "temperature*' during the 
measurements,   it is necessary to use the full Boltzmann Trans- 
port Equation in the analysis. 

16-2 
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16-2-1)   has  a  differentially-pumped  mass   spectrometer  been used 
to identify the ions present,   although in one the mass spectrometer 
could only be operated at pressures  lower than those used in the ac- 
tual   recombination studies (Reference  16-7J. 

Weiler and  1'iondi (Reference It»-24)   determined tin- values of 
tt(NOr) at mas temperatures of 200,    >00,   and 4 50 K from "single- 
pulse-afterglow     studies ol electron-density decays in photoionized 
NO-Ne mixtures.     At all temperatui es conditions were achieved 
where   NO     was the only  significant afterglow ion,   and ion "tracking ' 
of the electron-density de< ays was  satisfactory.    Good fits of the 
electron decays to computer solutions of Rquation (16- 10) suggested 
very good (<  • 1 n percent) accuracy  in the determinations.   The values 
obtained  were   (7.4*0.7),   ( 4. T !J- i ) and ( i. 11 0. 2) x 10'7cmi/sec 
at 2D(V,    joo,   andlöOK,   respectively. 

Kx< ept at  low  ten peratures,   where  Weiler and  Biondi found that 
it   required i ons idt-rable cart- to achieve conditions which limited the 
con   entration ui the dimer   ion  ( NO • NO   ),   the  results were in good 
agreement with those of fiunton and Shaw (Reference  lb-7),   whose 
earlier studies usint» similar photoioni/.ation and microwave tech- 
niques had  not  involved mass-spectrometer operation under recom- 
bination-controlled (high-pressure) conditions.   Their values were 
li"'_'\),   (4. f/j1, J>. arwJ ( 5. S*Q*5) x 1*)''  cmVsecat  19b,   2l»«t and 
i^hK,   respectively.     Fhe l'**»K value is almost  lertainly high owing to 
the interferes e cd  the dimer  ion,   whose recombination rate  is dis- 
cussed below. 

Karher studies  by  Doerniu and  Muhan (Reference  lf>-5) of photo- 
i'.i.i/.r'l   NCJ   using   Langniiiir probes to determine the positive ion den- 
sities had  led to estimate's of the recombination < oeff ic lent at   300 K 
lyiiiu between - x  I n",J cm   /sec,   from the stationary-ion-density 
method, Hquation(1b- 14), and  »  x  10" '   im   /sec.   from analysis of 
repetitive-afterglow  decay  data,    using   Equation (lb-12).    with 
f £4 . 

Much better  su» cess  in obtaining  consistent results  between the 
stationary-ion-density method and a time-variation method (in this 
case,   rate of growth measurements) has been obtained by  Young and 
St.    John (Reference lb-b),   who employed chemionization in   N  and 
O   atom mixtures to produce   NO*    ions.     Using ionization-chamber 
( harge - collection techniques to determine ion densities,   they obtained 
nt - (5 + 2) x 10"' cm   /sec at    300 K.    in   satisfactory  agreement 
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with the results of Weiler and Biondi (Reference 16-24), and of Gunton 
and Shaw (Reference 16-7). At the present time, negative-ion accumu 
lation effects in the stationary-state method have not been evaluated 

v 

Van  Lint and Wyatt (Reference  16-25)  reported microwave after- 
glow measurements on He-NO mixtures (I 000; 1),  ionized by a pulse 
of energetic iMev) electrons.    Over the mixture pressure range ~ 1 0 
to  100 torr they obtained 0^5 x I0-' cm   /sec,   independen   of pres- 
sure at 300 K.    Rather impure NO samples were used in these studies, 
as evidenced by anomalously large attachment losses. 

The several room-temperature measurements appear to support 
the value ü (NO' )   =  (4. ItO, 3) x  1 0" '  cm   ,''sec,   independent of the 
means of generating the NO' . 

Two recent experimental studies have been carried out concerning 
the variation of «(NO*) with electron temperature.    Walls and Dunn 
(Reference  16-26) noted the depletion in trapped NO'  ion concentration 
when an electron beam of controlled energy traversed the trapping 
region,   and determined the recombination cross-section as a function 
of electron energy for NO'  ions  presumably in the v  0 level of the 
(X   2*>ground electronic state.    Huang,   Biondi,  and Johnsen (Reference 
16-27) employed the microwave heating apparatus of Mehr and Biondi 
(Reference 16-21) with some minor improvements to determine c«(NOM 
vs Te in NO (~-l mtorri  - Ar(~l0 turrl afterglows.    The combined 
photoionization of NO by H (Lyo) and Penning ionization of NO by Ar 
metastables   resulted in NO'   ions which were in the ground electronic- 
state (X   2»' I and probably the v=l or v-0 vibrational level during the 
measurements. 

The results of the several measurements are   plotted in Figure 16-2. 
All three of the experimental results shown are in satisfactory agree- 
ment in the range Te      200 - 500 K,   but the microwave afterglow 
measurements above 500 K indicate a T^. -(0. 37 t  0.03) variation,  while 

o KV°',61 u- ö5-0. 08/ variation u the trapped ion measurements suggest a T   \"    - - u. u«/variation up 
to «^5000 K and somewhat less variation above that temperature.    At 
present,  we cannot satisfactorily account for these rather different 
variations between the afterglow and the trapped-ion results in terms 
of the possible differences in vibrational level of NO*  in the two studies 

Results of theoretical calculations by Bardsley (Reference 16-28) 
and by Michels  (Reference 16-29) are also shown in Figure 16-2, 
Bardsley calculated the contribution to a(NO') resulting from formation 
of the(B2IT)and the(B'     A) repulsive states of NO* and obtained a lower 
limit for    (NO*).    Michels used configuration-interaction calculations 

16-12 
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of the wave functions and potential-energy curves to determine the 
repulsive curves,  concluding that the (*"2*) and (B  II) states were 
important for elect/on capture by NO*   (v=0) ions.    While the two 
theories disagree by a factor of ~2. 5 (the approximate uncertainty 
in Michels' calculation of the initial capture step),   they both indicate 
~Tt> temperature dependence over the whole energy range.    Until 
the reasons for the discrepancies among the various determinations 
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Figure 16-2.     Two-body t    ctron-ion recombination coefficient a (NO ) 
as a function of electron temperature.   Experimental results 
are from Weiler and Biondi (Reference 16-24), Wells and 
Dunn (Reference 16-26), and Huang,  Biondi, and Johnsen 
(Reference 16-27).   Theoretical curves are from Bardsley 
(Reference 16-28) and Michels (Reference 16-29). 
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can be clarified it is suggested that the value a(NO+) -   (4.2 i  0.2) x 
10-7 (Te/300H°' 50 } °«^5) cm3 sec-1 be used over the range 300 - 
5000 K. 

Finally,  as in the case of nitrogen it has been possible to obtain 
a value for the recombination of  the  dimer   ion (NO*NO  )   by in- 
creasing the partial pressure of  NO  to — 0. 2  torr   in the   NO-Ne 
mixtures.    From such studies Weiler and Biondi (Reference 16-24) 
find a(NO'NO+) = (1. 7±0. 4) x 10"6 cm3/sec at T =  300 K. 

ot, O 

Simultaneous microwave and mass-spectroscopic measurements 
of electron and positive-ion decays in oxygen-neon mixtures have 
been used by Kasner and Biondi (Reference  16-30) to determine 0r(Ot), 
A "single-pulse-afterglow" method was used to avoid negative-ion 
ace umulation effects and it was found that, in contrast to earlier repeti- 
tive pulse-afterglow studies   (Reference  16-31),   the  O-,   ion wall cur- 
rent accurately "tracked" the recombination-controlled electron-den- 
sity decay.    At  J00 K,   a value 0-(O*) = (2. 2±0. 3) x 10"7 cm3/sec was 
found from l/\ne)   versus  t  plots exhibiting linear regions,   f ^ 10 
over ih<; ranges   5 x 10"** < p(0>) < 10"^ torr and  p(Ne) as 20 torr.   In 
these studies it is possible that the     P,   neon metastables produce 
07   ions in their ground electronic state and a high vibrational state 
(v •» 20) or even in the first excited electronic state  (a"*ITu). Intriple 
mixture (NerArtO?)   studies,   attempts  were   made  to limit  the  Ot 
ions to the ground electronic and lower   (v £ 5)   vibrational states. 

Mehr and Biondi (Reference lo-21) have used a microwave after- 
glow/mass-spectrometer apparatus employing microwave electron 
heating to determine 0f(O))   in oxygen-neon mixtures.    Good  Oy   ion 
tracking of the electron-density decays was obtained and accurate 
values of   Q(O^) were determined from comparison of the experimental 
data with computer solutions of Equation (16-10).    At  Te = 300 K a 
value  0(0^) = (1.95:0.2) x 10"'  cmVsec was obtained,   in good 
agreement with Kasner and Biondi's results. 

Previous microwave afterglow work without mass identification 
of the ions by Biondi and Brown (Reference 16-16) and by Mentzoni 
(Reference 16-32» led to values of Of as 3 x 10"7 and 2 x 10"7 cnrVsec, 
respectively,   at low pressures (sc 2 torr) of pure oxygen.    However, 
at even lower oxygen pressures in oxygen-helium mixtures Kasner, 
Rogers,   and Biondi (Reference 16-31) found substantial   O3   ion con- 
centrations,   so that the afterglow ionic compositions in the studies 
without mass analysis are in doubt. 

16-14 
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In temperature-dependence studies Kasner and Biondi (Reference 
16-30) find that,  over the range 205 to 690 K,   tt(Oj)  for ions in the 
(X^Ile)  ground state decreases from the value   3. 0 x 10"?  to   1.0 x 
10" ' cm-}/sec.   These results are shown by the X-symbols and dashed 
line in Figure 16-3.    Similarly,   Smith and Goodall (Reference 
16-3 3) have used a  Langmuir probe to determine electron-density 
decays in oxygen-helium afterglows; however,   although mass analy- 
sis of the ions had been employed in related ion-molecule reaction 
studies,   they omitted such analysis in the recombination work. (They 
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Figure 16-3.  Two-fcody electron-ion recombination coefficient «(Oo) as a 
function of temperature.   The experimental results are from 
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(MB) (Reference 16-21), and Scyers (S) (Reference 16-34). 
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are remedying this deficiency).     While their value at 300 K is in good 
agreement with the data of Kasner and Biondi,   the variation with gas 
temperature is less rapid.    Similarly Mentzoni's data (Reference 
16-32).   taken over the range 300-900 K,   fall consistently higher than 
Kasner and Biondi's results at the higher temperatures.    As a re- 
sult of lack of ion identification in the studies of Smith and Goodall 
and of Mentzoni,   their inferred temperature variation of a(07)   is 
probably less reliable. 

aratus to study oxygen-helium afterglows, reported the value O-(Ot) 
x 10"    cmVsec at   T    = 2500 K,   in fair agreement with the re- 

Mehr and Biondi (Reference 16-21) determined  »(O?)   over the 
range  300 K <   T    £ 5000 K (with T,  =  Toa„ =   300 K) and found that 
the recombination coefficient varies approximately as   T be- 
tween 300andl200K, and as Te"°* D6

 between 1200 and 5000 K.   Sayers 
(Reference  16-34).   using a  Langmuir-probe/mass-spectrometer 
appai 
= 4 
suits of Mehr and Biondi.     The various data are given in Figure lb-3 
and it will be seen that,   over the common temperature range,    O^CX) 
exhibits roughly the samt- energy variation when   Te  alone and when 
T ,   and   Tj   together are increased above room temperature,   provided 
binary mixture   (0»:Ne)   data are compared.     In this case,   there may 
be some effect (if excited  (a**JIu)   OS   ions on the recombination deter- 
minations.    Only in the triple-mixture  studies (NeiAriO^) of Kasner 
and Biondi (X-symbois in Figure 16-3) can one assume that the  Ol> 
ions are in their ground electronic state. 

Finally,   at luv,   temperatures Kasner and Biondi (Reference 16- 
}0| were able to separate the effects of O*,   and  O,   on the recom- 
bination loss of electrons,   and found a value   O(0~.) *•» 2. 3 x 10"° 
cni'/sec at 205 K for the dirtier ion. 

Zipf (Referent, e  h»-3^) has measured the branching ratios for pro- 
duction of various  O-atom states.    For each 0>   ion recombined, 
two  Ü atoms are produced in the ratios   l.0(*P) : 0.')(l D) : 0. l(lS). 

Hydronium Series and Other Ions 

Although measurements have been carried out in other gases of 
possible ionospheric interest (e.g.,   NO^),   lack of ion identification 
makes reporting the deduced recombination coefficients speculative. 
In general,   at  300 K the     lighter" diatomic molecular ions (including 
Net) yield  ft  values in the   range  (2-5) x 10"'  cmVsec,   while  the 
more complex ions,   judging by the behavior of   X, ,   (NO'NO  ) ,   and 

• ft        \ 
O, .   may exhibit substantially larger values, i.e.. c*> 10"    cm   /sec. 

16-16 
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Of particular importance,  in view of its discovery in D-region 
rocket sounding,  is the hydronium-ion series,    H3O* (U^O)n ,  where 
n-0,   1,2     A considerable amount of activity has focused upon 
laboratory determination of the corresponding recombination rates. 
In earlier studies,  Green and Sugden (Reference 16-36) used a mass 
spectrometer to measure the decay of H^O+  ions from a hydrogen- 
oxygen-acetylene^flame at approximately 2100 K,  and found a value 
0r(H3O+)-2 x 10"7 cm3/sec.    Wilson and Evans  (Reference 16-3'*) 
used microwave techniques to measure the decay of electron density 
behind shock fronts in argon containing small amounts of oxygen and 
hydrocarbon (e.g. ,  acetylene).    Presumably the ion in these recombi- 
nation-controlled  decays is H3O* .    They found that OL varied approxi- 
mately as^T"^ over the range 2400 K < T < 5600 K,   with a value (X=- 
1.5 x 10"' cm     sec at 3000 K.    With the usual inverse temperature 
dependences encountered for dissociative recombination,   a value in 
excess of 10"b cm   /sec at 300 K is implied. 

Leu,   Biondi,  and Johnsen (Reference 16-38) have reported meas- 
urements of hydronium-series  ion coefficients using their microwave- 
afterglow   mass spectrometer apparatus.    lTsing varying amounts of 
water vapor in helium buffer gas and varying the gas temperature to 
control the members of the hydronium-series ions present in the after- 
glow,  they were able to study one or two of the ion types at a time. 
They found recombination coefficients ranging from Off 19') = (1.0 i  0. 2l 
x !<rf' cn^sec"1 at T^540 K to 0(127*) = (10 •  2)   x 10"6 cm3sec_1  at 
2(>5 K.    In addition,   only ;   weak temperature dependence is seen in 
the studies of0M5S'l at 540.   415,   and 300 K.    The inferred tempera- 
ture dependence.  *-T"        ,   is weaker than that found for dissociative 
recombination,   suggesting that for these complex ions,  the very 
large recombination coefficients may result from excitation of internal 
modes (e.g. .   rotation; in the initial capture step,  thus lengthening the 
autoionization time aad assuring stabilization by dissociation. 

Other ions of interest which have very recently been studied include 
HCO*  (Reference  16-39) and the NH^NH^),, cluster series (Reference 
16-40».    It is found that under conditions where T    = T.      T    these 
afterglow studies indicate that OhHCO")      (3. 3 *   0.5) and (2   0 »  0. 3) 
x 10"7 cm3sec-1 at 205 and 300 K.   respectively    while 0r(NH*) *• (1. 3 
r 0. 3i x 10"C. tt [NH^fNHj))  -  (2. 4 r  0. 4) x KT*.   and Of [NH^NH*)^ 

(2. 8 r  0.4) x t0"6 cmW*1 .   at 300 K. 
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Theoretical Calculations 

Substantial progress in theoretical calculations of dissociative 
recombination coefficients has been achieved in the pas* few years. 
In addition to the previously mentioned calculations by Bardsley of 
tt(NO") (Reference  It*-2M and its variation with Te and with T-.  there 
are calculations by Wilkins and by Warke of ft(N>* anc* G'O?) f°r ions 
in their ground vibrational states  (References   16-4J,   16-42).  which 
yield values in qualitative agreement with the experimental data at 
5ÜU K.    All of these calculations either make assumptions or use 
spectroscopic data in an effort to characterize the potential curve 
crossings in the direct dissociative process and are not.  therefore. 
ab initio theoretical calculations. 

Nielsen and Berry (Reference  16-43) have carried out ab initio 
calculations of the potential curves of the Rydberg states of the l\-> 
molecule which may contribute to a special form of the    indirect' 
dissociative recombination process,   and have found that    to reach 
the vibration continuum of one of the Rydberg states so that dissocia- 
tion can occur,   the H"> ions  must be in their v   7 vibrational state. 
This it appears that this mechanism does not provide a significant 
v ontribution to the overall dissoc iative recombination process 

A difficulty with ab initio calculations of the direct dissociative 
process appears to be lack ot a suitable technique for calculation of 
the repulsive potential curves of the excited molecule in the region 
where they cross the mole«, ilar-ion state 

U>.5.1.2   RADIATIVK   RKCüM BINATION 

Most of the available information concerning rates of radiative 
capture of electrons by positive ions comes from theory (References 
It.-44.   ltj-4S».    The radiative process (Kquation lt'»-2i will only be 
of importance when the mole« alar-ion  atomic-ion ratio is small 
c   l'i"   i and when charged-particle densities are low (< iOl   cm"*). 
Theory indi< ates that for capture into the lower levels of the excited 
atom,   the partial  recombination coetficient varies as T   "   "    ,   while 
for capture into the highly exv ited states lying within ^- kTe of the 
continuum,   it varies approximately as Te~     ~\     The overall recom- 
bination ( oeffic ient varies approximately as T '.    The calculated 
recombination coeffii ients for various positive ions appear to be 
quite similar in magnitude,   varying by less than a factor of two in 
goinu from H*   to K".     The dependence of the  radiative recombination 
coefficient on electron temperature for lie"  or li*   ions is shown in 
Figure   16-4 by the intercepts at the 'ow-electron-density end of the 
scale,   illustrating the * T   "      ' dependence      The little experimental 
evidence relating to radiative recombination supports the calculated 
magnitude ot the coeffic ients 
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Figure 16-4.  Effective two-body recombination coefficient for collisional- 
radiative recombination of electrons and H* ions as a 
function of electron density, over a «*ange of electron 
temperatures. 

16.3.2  Electron-Ion Recombination — 
Three-Body Processes 

lb. *.<>. 1    ELECTRON-STABILIZED 
RECOMBINATION 

Under circumstances where a relatively large electron density 
(^ 10° cm"') is present,   capture of a.i electron by an atomic ion is 
assisted by a second electron (Equation 16-3),   leading to the "col- 
lisional" part of collisional-radiative recombination.    Here again, 
more is known about the process from theoretical calculations such 
as those of Bates,   Kingston, and McWhirter (Reference 16-46), based 
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on the use of certain measured collision cross-section data,   than 
from experiment.    It appears that the recombination coefficient is 
not particularly sensitive to the identity of the singly-charged ions, 
and available experimental results (References  16-47,   16-48) are 
consistent with the calculated values. 

Essentially the same three-body coefficient k3e   is obtained for 
He+  and  FT*"   ions; at "low" electron temperatures,    T. < 2000 K, 
one has a variation of kjc  approximately as T   ~        .    In comparing 
this three-body rate to two-body rates it is useful to note that at 
300 K the equivalent two-body rate for this process is   "<*3e" as 
(10"*^ ne)   cni'Vsec,   where  ne  is expressed in electrons/cm^.   The 
results of the calculations of thr electron-stabilized recombination 
coefficients are '"»hown by the lines which approach a 45-degree slope 
in Figure 16-4. 

. 

16.3.2.2   NEUTRAL-STABILIZED 
RECOMBINATION 

In the lower atmosphere,  where neutral-molecule concentrations 
are large,  Reaction (16-4) may raise recombination rates above the 
dissociative value.    There is a limited amount of experimental in- 
formation concerning the rate of neutral-stabilized,  three-body re- 
combination,   and available theory yields little better than a crude 
estimate of the possible rates.    Deloche et al, and Berlande et al 
(Reference*  16-49,   16-50).    ha^e  studied  electron loss  by  recom- 
bination as a function of neutral concentration in a high-pressure 
helium-plasma-afterglow.   They used microwave interferometry 
techniques to determine the electron-density decay but did not em- 
ploy a mass spectrometer to analyze the ions.    At low-to-moderate 
electron densities they find the rate coefficient to be two-body in 
character with respect to electrons and ions and to vary directly 
with the neutral helium concentration,   suggesting that the process 
under study is»: 

He 
T 

>    + e + He - neutral products . (16-15) 

They obtain a three-body rate coefficient    k = (2. 0~0. 5)   x i0"^' 
cm6/sec at 300 K. 

On the theoretical side,   Massey and Burhop (Reference 16-51» 
used an argument paralleling Thomson's theory for ions to suggest 
that for "air" ions at 300 K the coefficient may be of the order 
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(    " -27 A k$n «6x10"      cm0/sec.    There is no information which can be used 
to set error limits on this estimate; however,   a distinction has been 
made between atoms and molecules acting as third bodies in stabilizing 
the recombination,   owing to the fact that the molecule is more 
effective than the atom in removirg kinetic energy at a collision with 
an electron as a result of the large number of low-energy vibrational 
and rotational states which may be excited.    This factor was taken 
into account in the estimate of k,    for "air" ions and neutral stabilizing 
molecules.     If for   some  reason only atoms are present,   k3n 

may be substantially smaller.    This theoretical prediction is in ac- 
cord with the experimental determinations for helium,  which reveal 
a rather smaller value of k3n when atoms (helium) are the stabilizing 
agent. 

The modified Thomson theory suggests an energy variation approxi- 
mately as  T  -5/2 for the neutral stabilized process.    This leads to 
the general rate coefficient for any positive ion of: 

kJn*lx 10-<26±U (Te/300)"5/2 cm°/sec , (16-16) 

where the order of magnitude of the quoted uncertainty is in doubt. 

16.3.3   Ion-Ion Recombination— 
Two-Body Processes 

16. 3. 3. 1    MUTUAL NEUTRALIZATION* 

Several studies of ion-ion mutual neutralization,   Equation(16-5), 
have been carried out at near-thermal energies.    Greaves (Refer- 
ence 16-9) and Sayers (Reference 16-52) have investigated halogen ions 
such as   12  and I".    An afterglow technique was employed,  making 
use of radio-frequency («10 MHz)  determinations of the dielec- 
tric coefficient of the ions to determine ion concentrations.    Ion 
identification was supplied by a small, differentially-pumped mass 
spectrometer appended to the experimental tube (Reference 16-9). 
In iodine (Reference 16-9) and bromine (Reference 16-52) vapor, a 
coefficient o*mn fe 1 x 10" ' cm^/sec was found at T* 300 K from 
curves having f values between 2 and 6.    With increasing tempera- 
ture from 300 to 340 K, or decreased from 1.2xl0"7tol.0xl0~7 

cm3/sec in iodine,  leading to an approximate  T"*'2 dependence 
over this extremely limited range. 

-The author wishes to thank J. R.   Peterson of Stanford Research 
Institute for his contributions to the writing of this subsection on 
mutual neutralization. 
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Hirsh et al  (References 16-53,   16-54)    have  carried out after- 
glow studies of ion-ion recombination using an r-f impedance probe 
to determine the ion concentrations in air-like  N2-O2  mixtures fol- 
lowing ionization by a pulse of MeV electrons.    A differentially- 
pumped mass spectrometer identified th** principal ions undergoing 
recombination as NO+, NO2, and NO3.   Their earlier value (Refer- 
ence 16-53),    omn = (4i)x 10"8 cmi/sec at  300 K,   was  later  re- 

III II O X 

determined (Reference 16-54) as  (3.4±1.2) x 10"° cmVsec,  and 
was also indicated as referring specifically to the reaction of 
NO+ + NO 3 .    A value of (17. 5±6) x 10"8 cm3/sec was obtained for 
NO+ + NO£ (Reference 16-54). 

Mahan and Person (Reference 16-55) studied ionic recombination 
in photoionized  NO-NO2-noble gas mixtures using an apparatus which 
did not employ mass analysis of the ions.  They argued that the ions un- 
der study were probably  NO+  and  NO£ .    A parallel-plate ionization 
chamber employing pulsed charge collection was used to determine 
ion densities in the afterglow.  At low pressures, a two-body coefficient 
or        »(2*0.5) x 10"7 cm3/sec was  obtained at  300 K from decay mn * 
curves exhibiting substantial  f  values,   i.e.,   > 15.    Thus,  the quoted 
error limit has more to do with uncertainties concerning the exact 
form of the ions' spatial distribution than with slop** measurement 
errors. 

More recently,  a merged-beam apparatus has been used by a 
group at Stanford Research Institute to obtain mutual-neutralization 
cross-sections between a variety of mass-analyzed positive and nega- 
tive  ions  over  a  range of center-of-mass energies from 0. 1 tc 
about 300 eV.    Systems that have been investigated include    H+ * H", 
X* + O*,   O* + O" ,   He+ + D" ,   N2 + O2 »   Oj + O2 .   0\ + NO£ , 
NO+ + NO2 .   O2 + NO] ,   and  NO++ NO]   (References 16-56 through 
16-64).    Generally,  all of the measured values of Qfmn lie between 
0. 5 and 3. 0 x 10"' cm^/sec,   and all rates increase toward lower 
energy. 

A low-energy expansion of the Landau-Zener formula for these 
reactions (Reference 16-59) was used to extrapolate the results to 
thermal energies.    After Boltzmann averaging,  thermal rate coef- 
ficients were obtained and reported (e.g., in (Reference 16-59) in 
the form: 

*m n(T) =   AT"1/2 + B+ CT1/* + DT . (16-17) 
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[p where the constants   A ,   B ,   C,   and D were derived from a least- 
squares fit to the measurements,  and T is in K.    At energies near 
300 K,   only the first two terms are significant. 

Measurements by the same group (Reference 16-64) on Na+ + O" 
yielded reaction rates similar to those of O   + O",   in contradiction 
to the much larger values reported by Weiner,   Peatman,  and Berry 
(Reference 16-65).    On the other hand,  their results on the systems 
H+ + H" .   He+ + H" ,  and He+ + D"   (Reference 16-60) agreed well 
with those of Harrison et al(References  16-66,   16-67), who used 
colliding beams inclined at 20°,   over an energy range from 125 
to 10,000 eV. 

A multistate Landau-Zener method has been used for the calcula- 
tion of neutralization cross-sections between atomic ions (Reference 
16-60).    The agreement with experimental data is usually within a 
factor of two.    Values for 0fmn (300K)  were also calculated,   and 
exceeded 1 x 10"' cnr/sec in every case.    Calculations of this type 
provide information concerning the final neutral states of the pro- 
ducts of the reaction,   which can assist in the interpretation of iono- 
spheric phenomena   (Reference 16-61).     It  is  not  clear whether 
these calculations can be extended to include molecular systems. 

16.3.3.2   OTHER TWO-BODY 
PROCESSES 

Other processes,   such as neutralization with rearrangement of 
the atoms in the molecules,   may well offer (Reference 16-68) re- 
combination coefficients orders of magnitude smaller than for the 
mutual neutralisation process; these are omitted from consideration 
here. 

16.3.4   Ion Hon Recombination — 
Three -8ody Processes 

16. 3. 4. 1    THOMSON RECOMBINATION 

For the case of neutral-molecule-stabilized, positive-ion-nega- 
tive-ion recombination,  there exist measurements of recombination 
rates for'a r" ions, whose identity, however, has not been established. 
Gardner (Reference 16-69) and Sayers (Reference 16-70) have mea- 
sured the coefficients of Thomson recombination,  k^n, in pure oxygen 
and in air,   respectively,  over the pressure range * 0. 1 to 1 atmo- 
sphere at m 300 K and verified the linear dependence of k on neutral 
gas density predicted by Thomson's  theory   (Reference 16-71). 

16-23 
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i 2. *> i\ A value k^   » 3x10"      cm°/sec was obtained.    Thus at pressures 
in excess of 10 torr,   Thomson recombination should outweigh two- 
body mutual neutralization. 

Similar results were obtained by McGowan (Reference 16-72) in 
oxygen-nitrogen mixtures; however,   this was without benefit of 
mass identification.    Mahan and Person (Reference 16-55), using the 
method described earlier,  have carried out a systematic study of 
three-body ionic recombination which is thought to involve the fol- 
lowing ionic reactions: 

NO   + NO" + M - neutrals, (16-18) 

NO   + SF* + M - neutrals, (16-19) o 

and: 

C,HZ + SF" + M -neutrals, (16-20) 
6   6 6 

where the third-body   M   includes   He,   Ne,   Ar,   Kr,   Xe,   H2»   E>2»   anc* 
N?.    Of greatest interest is the system,  NO* + NOj> + N>,  where a 
rate constant ka_ •• 2 x 10*^5 cm6/sec was obtained at 300 K.    The 
variation of k  with choice of  M   lay between k = 4 x 10"ÄO for He 
and  k =   3 x 10"25 for Xe. 

There are no experimental measurements of the temperature de- 
pendence of Thomson recombination; however,   Thomson's (Refer- 
ence 16-71) and Natason's (Reference 16-73) treatments lead to a 
predicted  Tj"5*2  variation.    Thus,  for atmospheric ions it may be 
estimated that: 

kl
3nS52 x 10'(25r0,5) (Ti/300)"5/? cm6/sec    . (16-21) 

16.3.4.2   OTHER THREE-BODY 
PROCESSES 

Fueno et al (Reference 16-74)   considered a two-step  ion  re- 
combination process, i. e. : 

X+ + N: (XN)+  , (16-22) 

followed by: 

16-24 
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(XN)+ + Y":XY+N  , (16-23) 

the rate constant of which was calculated to be k % 1 x 10       cm"/sec 
at 300 K,   and therefore should be of lesser importance than Thomson 
recombination. 

Finally,  the associative ion-ion recombination process,  that is: 

X+ + Y" + N-XY + N , (16-24) 

appears (Reference 16-68) to offer a much smaller coefficient,   k % 
10"*" cm /sec at 300 h, than Thomson recombination; this mechanism 
is neglected in the present discussion,   since its importance seems 
highly questionable. 

16.4  SUMMARY 

Values for the appropriate recombination coefficients for all pro- 
cesses where there is either sufficient experimental and/or theore- 
tical information,  or where there is a critical need for an estimate, 
are contained in Table 16-1.    In general,  those values with larger 
quoted uncertainties reveal a greater degree of guesswork which has 
taken place in attempting to evaluate the kinetics of the process. 
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